We studied the role of the sodium-potassium pump in erythrocytes of 12 patients with sickle cell anemia (SS). Ouabain-binding sites per cell and pump-mediated Rb/K uptake were significantly higher in SS patients than in white or black controls. Ouabain-resistant Rb/K influx was also greater than in normal controls or patients with sickle cell trait. Deoxygenation of SS erythrocytes increased ouabain-sensitive Rb/K influx without altering ouabain binding, presumably as the consequence of an increase in the passive influx of sodium. Deoxygenation increased mean corpuscular hemoglobin concentration (MCHC) by 5.5%, and studies of the density distribution of SS cells indicated an increase in highly dense fractions known to contain sickled erythrocytes. Ouabain prevented the rise in MCHC and reduced the percentage of dense cells. These findings indicate a magnified role for the sodium-potassium pump in the pathophysiology of SS erythrocytes and suggest that its inhibition might prove useful in therapy.
Introduction
The genetic defect in sickle cell anemia (SS)' results in the synthesis ofan abnormal hemoglobin, hemoglobin S (Hb S), which upon deoxygenation polymerizes into a gel state. This gelation process produces the characteristic sickle deformation in red cells and predisposes to microcirculatory occlusion and subsequent ischemic damage. The pathogenesis of sickling depends strongly on the intracellular concentration ofdeoxyhemoglobin S (1, 2) . Sickling is therefore enhanced by dehydration of erythrocytes, which produces a rise in mean corpuscular hemoglobin concentration (MCHC).
In addition to the abnormality in hemoglobin, SS erythrocytes exhibit changes in membrane permeability, possibly owing to alterations in the membrane cytoskeleton (3, 4) . It has been well documented that deoxygenated sickle erythrocytes exhibit increased Na and K fluxes, with net cellular Na gain and K loss (5) (6) (7) (8) (9) (10) . However, the effect of such changes on red cell water content and MCHC is still controversial. The contributions of the various components of ion flux during sickling, such as the sodium-potassium pump and the Na-K-Cl cotransport pathway, Presented in part at the American Federation for Clinical Research, May 1985 Receivedfor publication 4 November 1986.
1. Abbreviations used in this paper: AA, normal erythrocyte; AS, sickle cell trait; BSKG, phosphate-buffered saline with potassium and glucose; DDC, density distribution of cells; Hb S, hemoglobin S; MCHC, mean corpuscular hemoglobin concentration; SS, sickle cell anemia.
have not been fully elucidated, owing in part to methodological variation and to the heterogeneity of the red cell population in sickle cell blood.
We have evaluated the sodium-potassium pump in sickle erythrocytes by means of an ouabain-binding assay and 'Rb uptake and have explored the relation of pump inhibition to cell volume. The activity ofthe sodium-potassium pump is increased above normal in oxygenated SS cells and further increased by deoxygenation. In deoxygenated cells, inhibition of the pump by ouabain results in a reduction of MCHC and the proportion of dense cells, consistent with cell swelling. This suggests a possible role for cardiac glycosides in anti-sickling therapy.
Methods
Subjects. Venous blood was obtained from 12 patients with SS, 6 with sickle cell trait (AS), and 40 white and 10 black normotensive control subjects, aged 15-45 yr, none of whom were taking cardiac glycosides or diuretics or had recently received blood transfusions. The blood was then analyzed by the following tests. Ouabain binding and Rb/K uptake. 10 ml of blood was drawn from each subject into a heparinized syringe for the measurement of [3Hlouabain binding and 'Rb uptake by previously described techniques (1 1). The plasma and buffy coat were separated by centrifugation and discarded; the remaining erythrocytes were washed three times with 10 vol of MgCI2 solution (1 12 mM). After a final wash in ouabain-binding buffer, containing in mM: NaCI, 140; CaCI2, 1; MgCl2, 1; Hepes, 20; dextrose, 5%; pH 7.40, red cells were suspended in the same buffer at a hematocrit of 5-10%.
To measure ouabain binding to erythrocytes, triplicate 200-Al aliquots of the red cell suspension were added to 50 jsl of a mixture of 0.5-1.0 pmol of [3H]ouabain (New England Nuclear, Boston, MA; sp act, 17-18 Ci/mM) and unlabeled ouabain, so that the total concentration of the ligand ranged from 80 to 120 nM. This concentration of ouabain has been shown to saturate the specific-binding sites of human erythrocytes when incubated at 370C for I h (1 1). In a single pilot experiment, SS erythrocytes incubated with the same concentration of radiolabeled ouabain also displayed saturation kinetics by I h at 370C. Nonspecific binding of [3H]ouabain was measured in the presence of 0.1 mM unlabeled ouabain. After a 60-min incubation at 370C in a shaking water bath, the cells were washed three times in 1-ml volumes ofice-cold MgCI2, after which 200 ,l of5% TCA were added and the mixture was centrifuged for 15 min at 10,000 g. The clear supernatant containing the released radioactivity was then drained and counted in 5 ml of Biofluor in a liquid scintillation spectrometer.
Potassium influx was estimated by measuring the uptake of "Rb into erythrocytes (Rb/K influx). Previous studies indicate that 'Rb can be used as an analog of potassium in human erythrocytes (12) (13) (14) . After the red cells were washed with MgCI2 and suspended in ouabain-binding buffer, 4 mM KC1, and -0I cpm ofthe K analog "RbCl (New England Nuclear, sp act, 1.0 mCi/mg), was added to each tube. The NaK-ATPasemediated uptake of 86Rb was calculated as the difference between total radioactivity taken up by triplicate aliquots with and without 0.1 mM ugation for 15 min at 10,000 g. The results were expressed as nanomoles of K+/ 109 red blood cells per hour, using the assumption that 86Rb is a tracer for the influx of stable K+, present at a concentration of 4 mM in the suspending medium.
The portion ofssRb uptake that is insensitive to ouabain and inhibited by furosemide is mediated through Na,K-cotransport present in human red blood cells (15, 16) . To evaluate Na,K-pump-independent Rb/K uptake further, triplicate samples of red cells were incubated with 0.1 mM ouabain alone, or both ouabain and I mM furosemide, under experimental conditions analogous to those described above.
Intracellular electrolyte concentrations. In the course ofthe foregoing experiments, red cells from heparinized venous blood were separated from plasma and buffy coat by centrifugation and washed three times with an isosmotic solution of 112 mM MgCl2. Before ouabain-binding and Rb/K uptake studies, 400-il aliquots of packed erythrocytes were removed and recentrifuged at 10,000 g to remove the remaining supernatant. A 200-id aliquot of packed cells was transferred in a wide-bore pipette to 9.8 ml of deionized water to induce hemolysis. Na ( 19) . The method, as described by Danon and Marikovsky (20) , requires two phthalate esters as separating fluid, methyl phthalate (specific gravity, 1.189), and di-n-butyl phthalate (specific gravity, 1.0416), which were used to prepare a series of solutions of 20 different specific gravities, ranging from 1.062 to 1.138, in increments of0.004. 10 ml of heparinized blood were drawn for use in these experiments. One microhematocrit tube was dipped into each of the different solutions until a column of slightly more than 5 mm was obtained. The remainder of the tube was then filled with heparinized venous blood, sealed, and spun at 12,000 g for 15 min in a refrigerated centrifuge. A set of 20 capillary tubes for each blood sample was then arrayed in order ofdecreasing specific gravity of the separating liquids. The results were plotted with decreasing specific gravity of the phthalate solution on the abscissa and the percentage of red cells that had passed through the separating liquid on the ordinate.
MCHC. The calculation of MCHC is used as an approximation of cell water content and is based upon measured hematocrit and hemoglobin, according to the equation: MCHC = Hb (g/dl)/packed cell volume (%) X 100. Packed cell volume was determined by high-speed centrifugation of blood in a heparinized microhematocrit capillary tube for 6 min to minimize the potential for excess plasma trapping by sickle erythrocytes. Hemoglobin was measured spectrophotometrically by the cyanohemoglobin method, which includes all hemoglobin and hemoglobin derivatives except possibly sulthemoglobin, using S ml of Drabkin's reagent for 0.02 ml of venous blood (21) .
To evaluate the effects of deoxygenation on MCHC and DDC, 10 ml of heparinized blood was gassed in an Erlenmeyer flask in a shaking water bath at 370C for 2 h with either air or nitrogen with 5% CO2.
Statistics the Na-K-ATPase pump. In these experiments, the number of [3H]ouabain-binding sites is determined at a saturating concentration of the ligand, at which Na,K pump-mediated ion transport is completely inhibited (1 1).
The mean value of ouabain binding was significantly higher in sickle cell patients (0.81±0.05 pmol/109 cells) than in white controls (0.47±0.02; P < 0.001). Black controls had an even lower value for ouabain binding (0.38±0.02) than white controls. Patients with sickle cell trait had a value (0.38±0.04) that did not differ significantly from that of either control group.
The mean ouabain-sensitive Rb/K uptake was significantly higher in sickle cell patients (189.6±15.8 nmol/ 109 cells/h) than in white controls (124.8±4.1; P < 0.001). As in the ouabainbinding assay, this value was even lower in black controls (96.9±5.6) than in whites. There were no significant differences between patients with sickle trait and either control group. The ouabain-insensitive Rb/K uptake was four to five times higher in red cells of patients with SS than in either white or black controls (P < 0.001). Thus, sickle cell patients have a greater number of Na,K pump units as well as increased pump activity, as measured by ouabain-sensitive Rb/K uptake. In addition, ouabain-insensitive Rb/K uptake is increased in sickle cells as compared with normal erythrocytes.
The major portion ofpump-independent ouabain-insensitive Rb/K uptake can be inhibited by furosemide and its derivatives and represents Na/K/Cl cotransport (22, 23 (Tables II and III) . It is known that reticulocytes, which are young red cells, have enhanced active and passive transport mechanisms for sodium and potassium as compared with mature red cells (24) (25) (26) (27) (28) . Reticulocytes constitute the lightest fraction of the red cell population, whereas sickled erythrocytes are the heaviest cells. To evaluate the contribution of reticulocytes to the increase in ouabain binding and Rb/K uptake in the sickle cell population, erythrocytes were separated by Stractan solutions according to cell density. The ouabain binding and Rb/K uptake assays were then performed on each of the three cell fractions. Different densities of Stractan were used for sickle cell blood and for control blood because of the larger proportion of heavier cells in SS blood (see Methods). The cells of the middle fraction in sickle cell blood correspond in density to the cells of the bottom fraction in control blood because of the different densities of Stractan used.
The sodium and potassium transport parameters for control (AA) and SS red cells are summarized in Tables II and III, The heaviest fraction of sickle cell blood (with only 1.4±0.36% reticulocytes) had a ouabain-binding capacity that was not significantly different from that of the lightest layer of control blood (with 2.8±0.43% reticulocytes) but a ouabain-sensitive Rb/K uptake that was much higher than any of the three fractions of control blood (P < 0.01). To analyze further the nature ofpump-mediated Rb/K flux, the ouabain-inhibited Rb/ K influx per ouabain-binding site, which represents the pump activity per pump unit, was calculated. In SS blood, this value was significantly higher for the bottom fraction of cells (with more sickled erythrocytes) than the top fraction (with more reticulocytes) (P < 0.01), implying an increased rate of turnover of each pump unit in the heaviest cells.
The effect of deoxygenation on cation transport of sickle erythrocytes (Table IV) . In control erythrocytes, there was no significant change in any of the transport parameters after nitrogen incubation. In SS cells, ouabain binding, although elevated before deoxygenation (0.69±0.04 pmol/109 cells), did not change after nitrogen incubation (0.65±0.05). However, deoxygenation caused a doubling of ouabain-sensitive Rb/K uptake (P < 0.01 as compared with the pre-N2 value). This indicates that while Effect of deoxygenation and ouabain on the density distribution ofcells (Figs. 1-4) . The density distribution of cells was plotted for 16 sickle cell patients and seven control subjects. Normal (AA) erythrocytes, as depicted in Fig. 1 , display a narrow range of density distribution. The blood of patients with sickle cell anemia, however, may exhibit a wide range of densities, with more high-density cells representing sickled cells and more low-density cells representing reticulocytes (Fig. 1) . The DDC of blood from three patients with AS displayed the same configuration as did AA (data not shown).
Density distribution curves were plotted after 02 and N2 to examine the effect ofdeoxygenation on cell density. With deoxygenation of SS blood, the curve was shifted to the left by the increased percentage of heavier cells and very high density cells which represent sickled erythrocytes (Fig. 2) . The percentage of cells heavier than the median-specific gravity in air was increased from 50 to 72±3% by deoxygenation (n = 9). Incubation in 02 did not alter the density distribution of normal or SS cells.
To evaluate the effect of inhibiting the sodium-potassium pump on the sickling process, we examined the density distribution of SS cells under nitrogen incubation in the absence and presence of0.1 mM ouabain. In each ofeight experiments, ouabain reduced the percentage of very dense cells that appeared with nitrogen exposure (Fig. 3) . The percentage of cells heavier than the median-specific gravity in nitrogen alone was reduced by ouabain from 50 to 25±6%. Little or no effect was seen when ouabain was added to oxygenated SS cells (Fig. 4) .
Effect of deoxygenation and ouabain on MCHC (Fig. 5 ).
Hemoglobin and hematocrit were measured before and after nitrogen incubation. The SPECIFIC GRAVITY up studies of ion fluxes with isotopic tracers showed that sickling, again induced by exposure to nitrogen, greatly accelerated bidirectional fluxes of sodium and potassium in SS erythrocytes and increased lactate production, implying active transport (6, 7) . Because these experiments were carried out just before the description of the Na-K-ATPase pump and its inhibition by ouabain in human red blood cells, the contribution of Na-KATPase-mediated ion fluxes to these phenomena was not specifically examined. Subsequently, the potassium efflux from deoxygenated red cells containing Hb-S has often been used as an in vitro measure of red cell sickling, though it is now known to vary with pH (9). Clark, Morrison, and Shohet (18) reported both active and passive Rb/K influx to be within the normal range in oxygenated SS cells, though the passive efflux rate of internal potassium was increased. Their experiments, it should be noted, were carried out on red cells that had been loaded with sodium by overnight storage at 40C, a procedure that would tend to minimize any difference in ouabain-sensitive K influx between SS and AA cells if a difference in internal sodium contributed to this. They did not assess the effect ofsickling induced by deoxygenation. They noted an increase in Na-K-ATPase ac- Specific gravity of the phthalate ester is plotted on the abscissa and the percentage of cells heavier than each phthalate reference is plotted on the ordinate. Curves were drawn by eye through the data points obtained at intervals of 0.004 specific gravity. Normal erythrocytes display a narrow range of densities, whereas SS erythrocytes are distributed over a wider range.
n sickle cell membranes, especially in those separated cell Ins rich in reticulocytes, and ascribed the increase in enic activity to the increased percentage of young erythroa conclusion reached also by Luthra and Sears (29) . Ber-!and Orringer recently reinvestigated the passive fluxes of id Rb+ in SS erythrocytes exposed to ouabain to eliminate transport. While no difference was found in the influx of Rb+ between oxygenated sickle cells and those ofnormal ts, deoxygenation of sickle cells produced a substantial se in the passive influx of Na' and Rb+ that was not d by furosemide (30) . ie effect of deoxygenation on the volume of SS red cells n a subject of controversy, probably because of the varied mental conditions employed by different investigators.
genation of sickle cell blood in vivo or in vitro produces in the water content of erythrocytes (5, 31, 32) but this it always been observed (4, 6), especially when red cells een separated and suspended in artificial media, from calcium or magnesium may be omitted (30, 32, 33) . It is ear that the effect ofsickling on red cell volume is strongly Iced by pH (9, 32) (30) . Surprisingly, they found no evidence of Na-K-Cl cotransport in either oxygenated or deoxygenated SS cells. The reasons for these differences in results deserve further investigation. The major finding of the present experiments is that the increase in Rb/K influx produced by deoxygenation of sickle cells was entirely accounted for by marked acceleration of the Na-K-ATPase pump. The increase in ouabain-inhibitable Rb/ K influx seen in SS cells exposed to nitrogen was, in fact, greater in every case than the increase in total Rb/K influx, so that when exposed to nitrogen, pump-independent uptake of 86Rb decreased, including that portion sensitive to furosemide. The number of pump units per cell, as assessed by ouabain binding, did not change. The rise in internal concentrations of sodium seen in deoxygenated sickle cells is best interpreted as a consequence of the increase in passive influx of sodium first noted by Tosteson (7) . This presumably stimulated the turnover of Na-K-ATPase, as reflected in the ratio of Rb/K uptake to ouabain binding. At the same time, the reduction in sodium gradient across the red cell membrane would be expected to reduce the driving force for coupled entry of rubidium or potassium via the furosemide-sensitive Na-K-Cl transporter. The result of the deoxygenation of sickle red cells is therefore a massive increase, in absolute as well as proportionate terms, in ion transport driven by Na-K-ATPase. Because the pump extrudes 3 Na' ions for every 2 K+ that enter the cell, the increase in pump-mediated transport activity tends to reduce cell volume. A dehydrating effect of the red cell Na+/K' pump was demonstrated by Clark and her associates in normal red blood cells that were loaded with sodium by exposing them to nystatin (38) . These authors also suggested that the pump might contribute to cell shrinkage in sickle cells in which intracellular sodium had been increased by deoxygenation. Inhibition of Na-K-ATPase in sickle cells might therefore be expected to increase cell volume, thereby reducing mean corpuscular hemoglobin concentration.
These predictions were borne out in the present experiments in which samples of sickle cell blood were deoxygenated by exposure to nitrogen. When sickle cells were deoxygenated, their MCHC increased, in 11 of 12 instances, by an average of 5.5%. The addition of ouabain to SS cells under nitrogen prevented cell shrinkage and caused a decrease in MCHC. Density distribution studies were confirmatory. Nitrogen incubation increased the percentage of high-density cells in SS blood, and ouabain tended to reverse this change, reducing the number of highdensity cells.
These findings have an important implication for therapeutic strategies in sickle cell anemia. The predominance of pumpmediated active transport in SS erythrocytes and its magnification when these cells are deoxygenated suggest the possibility that inhibiting the Na-K-ATPase pump with cardiac glycosides might be useful in patients with sickle cell anemia by causing some degree of red cell swelling and thereby reducing the concentration of deoxyhemoglobin S. Ample evidence, both in vitro and in vivo, indicates that an increase in cell water reduces the tendency for SS cells to sickle (39) (40) (41) (42) and thus may ameliorate certain clinical manifestations of sickle cell anemia (42) . Furthermore, concentrations ofcardiac glycosides that are nontoxic and can be achieved by therapeutic dosages of these drugs have been shown in subjects without sickle cell anemia to exert an inhibitory action on red cell Na-K-ATPase associated with an increase in red cell sodium and a fall in red cell potassium (43, 44) and, over several days, a small decrease in MCHC (45) . 
